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ABSTRACT 
Time-resolved near-field microscopy allows the propagation of ultrafast pulses to be visualized en route while 
they travel through complex photonic structures. These measurements enable the unambiguous determination of 
both local phase and group velocities. We illustrate this powerful technique by tracking an ultrashort 
wavepacket as it completes several roundtrips in a ring resonator. 
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1. INTRODUCTION 
It is anticipated that optical telecommunication in the near future will require photonic structures of ever 
increasing complexity for use at ever increasing bandwidths. Typically new photonic devices will require 
passive routing but also active functionality like amplification and switching. For routing optical signals across 
the photonic device interference effects will be exploited to great effect, e.g. by using microresonators [l] or 
photonic crystal structures [2]. Moreover, control of interference effects will also enable dispersion control, 
essential for signal processing at ever increasing bandwidths. As each future photonic devices will combine 
many functionalities at an affordable price, a drive to minimize the cost per device will inevitably lead to further 
miniaturisation towards the nanoscale. 
As the length scales that determine the optical properties of a device shrink, it is obvious that small variations 
in geometry, intended or not, will have major consequences for the functionality of the device. First of all, this 
development naturally requires state-of-the-art fabrication techniques. But the investigation and characterisation 
tools also need to improve. Conventionally, photonic structures and devices are investigated from the outside. In 
other words, properly characterized light is incident on the structure and its transmission and/or reflection 
properties are determined. Insight in what happens inside the structure is indirect as it comes from a comparison 
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Figure 1. Schematic depicfion of a the working of a Photon Scanning Tunnelling Microscope (PSTM). Light 
propagafes in a light guiding stnicfure and above the suqtace of the structure an evanescentfield is present. 
A nanoscopicfiberprobe is kept at a constant height (-10 nm) above the sample surface and frustrates the 
evanescentfield. As a result part of the evanescentfield is coupled to the propagating modes of thefiber 
probe. This light is picked up and subsequently detected. The height feedback loop that keeps fheprobe- 
sample separation consfanf yields the fopographic map of the structure under investigation. 
between the experimental results and theoretical modelling. For the investigation of the (ultrafast) properties of 
a structure often requires a so-called cut hack method, in which the pertinent part of the stmcture is changed in 
length while all other parts are kept the same. Obviously, not all structures are amenable for this technique as 
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their functionality would be impaired by a change in length. As the devices become smaller and more complex 
and their functionality depends on an ever increasing fabrication accuracy, the need for investigation methods 
that can directly link the local geometrical structure to the local optical properties on a sub-wavelength scale will 
therefore grow. 
With so-called far-field techniques this is impossible for two reasons. Firstly, by their very nature the highest 
attainable resolution is governed by the diffraction limit. As a consequence the resolution is limited to roughly 
h/2. Secondly, light guided inside a structure has a propagation constant that is larger than light outside the 
structure, but with the same optical frequency, would have. As a result, guided optical fields are evanescent 
outside the structure, exponentially decaying with the distance from the structure. As a result guided light can, 
by definition, not he observed by far-field techniques for “perfect” structures. Both problems are solved with 
a near-field optical microscope in collection mode [3], called Photon Scanning Tunnelling Microscope (PSTM) 
in the following. Figure I shows the schematic of a PSTM. Light is guided in a structure and an evanescent field 
is present above the structure’s surface. A sub-wavelength probe is brought into the evanescent field to locally 
probe the light. To keep the probe-surface separation constant a height feedback based on shear force feedback 
is used. The evanescent field is frustrated by the probe and, as a result, can couple to guided modes of the probe. 
In other words, a small fraction of the evanescent field is picked up and subsequently detected with a sensitive 
(photon) detector. By raster scanning the prohe over the photonic structure a map can be constructed of the 
intensity distribution in the device. The resolution of this map is determined by the size of the probe, which can 
easily be smaller than the wavelength of the used light. As the probe-sample separation is kept constant, while 
the probe is scanned across the structure, the height feedback yields a map of the topography. Clearly, 
a conventional PSTM will only give information about intensity distributions. 
2. PULSE TRACKING 
A PSTM can be improved to circumvent this limitation. By inserting the entire microscope plus sample into one 
branch of a Mach-Zehnder interferometer, a PSTM becomes phase-sensitive [4-61. Figure 2 schematically 
depicts such a phase-sensitive PSTM set-up. Acousto-optical modulation at 40 kHz combined with a dual-ouput 
lock-in amplifier (LIA) allows two signals to be detected proportional to: ArcfAs,8nal cos 8 and A,FA,,,,.I sin 8, 
where 0 is the optical phase difference between the reference and the signal branch and A,r and A,,,.,, are the 
optical amplitudes in the reference and signal branch, respectively. Simple math suffices to extract the phase and 
the amplitude signals. Moreover, heterodyne mixing allows signal enhancements with a factor Ar/As increasing 
the minimal detectable signal by several orders of magnitude. 
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Figure 2. Schematic depiction of the heterodyne detection scheme used forphase-sensitive time-resolved 
near-field experiments. The incident laser is split into apart that forms the reference branch and apart that 
is coupled into thephotonic structure and which is subsequently picked up by the PSTM Acousto-optical 
modulation in the reference branch at 40 W z  enables heterodyne detection. A dual output lock-in amplifier 
produces two signals one proportional to thepicked-up signal amplitude time the cosine of the phase 
difference between the branches, the otherproportional to the same amplitude times the sine of the same 
phase difference. Forpulse tracking a bandwidth-limitedfs-laser is used instead of a CW laser. Now only 
interference is measured when the length of the branches are exactly equal. The length of the reference 
branch sets a reference time at which thepulse is found at thatposition inside the structure, so that both 
branches have the same length 
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Figure 3. Pulse tracking measurement on a conventional ridge waveguide (Image size: 1 6 3 , ~  m x 7 . 3 ~ ) .  
Top: false color image of the measured topography of the structure. The 4 nm high ridge of the waveguide is 
easily resolved. Bottom: false color image of the amplitude signal. The pulse is found at a location inside the 
structure determined by the reference time set by the length of the reference branch. 
For tracking pulses as they propagate through a photonic structure, two modifications to the set-up are 
necessq  [7,8]. First, a bandwidth-limited fs-laser is used. Second, an adjustable optical delay line is inserted in 
the reference branch. The lock-in amplifier is only sensitive to the interference signal of both branches, i.e. the 
part of the signal that varies with 40 kHz. Clearly, when pulses are used, interference is only measured when the 
pulses have time overlap at the 3 dB coupler (fig. 2). The amount of time overlap determines the modulation 
depth of the interference signal and hence the size of the LIA signal. In effect, signal is only detected when the 
reference and the signal branch are of equal length. For a specific length of the reference branch, the pulse inside 
the structure is found at that position where the pulse has propagated to in the time set by the length of the 
reference branch. The optical delay line in the reference branch allows us to change this time in accurate steps, 
enabling the investigation of time-depended processes in the structure. 
Figure 3 shows one snapshot of a pulse “caught” while propagating through a conventional ridge waveguide. 
For this measurement TE polarised light is coupled into the waveguide with a wavelength of 633 nm, the pulse 
duration is 300 fs. Figure 3(top) depicts the topography image recorded simultaneously with the optical image. 
The 4 nm high ridge is clearly resolved. In figure 3(bottom) the amplitude signal of the measurement is 
presented. At the time specified by the length of the reference branch, the pulse is found at this location. A clear 
wiggle is present in the amplitude signal. This indicates that two modes, i.e. TEoo and TEol, are co-propagating 
through the waveguide. 
3. TRACKING ULTRAFAST WAVEPACKETS IN AN INTEGRATED RINGRESONATOR 
Ring- and microresonators promise to be powerful building blocks for large scale integrated photonics (9-1 I]. 
They form relatively compact devices with a high frequency resolving power resulting from their high Q-factors. 
Their utilisation in sensing and (all-optical) switching is envisaged by utilizing this high resolving power. 
Probably the simplest application of ring resonators is passive, i.e. as an add-drop filter. Figure 4 shows an 
electron micrograph of an add-drop filter based on a ring resonator. Light is incident on the ring from the “add 
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Figure 5. Sequence ofpulse tracking measurements, showing the amplitude information only (Image size: 
260.9,~ m x 74p m). Between each ‘snapshot’ the length of the reference branch is lengthened by I20 pn so 
that the time delay between eachframe is 400fs. The pulses are followed through the structure for  2 . 2 ~ ~ .  
port” (1;”). When the wavelength of this light fits an integer number of times on the circumference of the ring, 
the resonator will be in resonance. In that case, all the light will be coupled from the add-port to the resonator 
and will leave the device via the “drop port” (Idrap). Otherwise the light goes straight through (IUuough). 
Figure 5 shows the amplitude signal of a sequence of near-field pulse tracking measurements on a ring 
resonator. Note that the geometry of the ring resonator is tilted by 90 degrees with respect to figure 4. For this 
measurement pulses (h= 1300 nm, pulse duration 123 fs, FWHM) are launched into the add waveguide with TE 
polarisation. Between each measurement the reference time is increased by 400 fs by lengthening the reference 
branch by 120 pm. It can be seen how part of the pulse couples to the resonator while another part continues to 
propagate in the “through port”. The part of the pulse that is coupled into the resonator is observed to complete 
two round trips. Each time the pulse is near one of the access waveguides, either the add or the drop, part of the 
pulse couples to that waveguide. This results in pulse trains both in the “through” channel and in the “add” 
channel. As a fixed phase relation exists between every pulse in the train, a Fourier transform of the entire train 
yields the spectrum of the light in either channel. Note that the length of the pulse is less than the circumference 
of the resonator, which directly indicates that the spectrum of the incident pulse is broader than the FSR of the 
resonator. 
From this time sequence the speed with which the pulse travels inside the resonator can be determined 
without the use of theoretical modelling [ 131. To this end the position of the “center of mass” (CoM) of the pulse 
inside the resonator is determined in each frame. From the movement of the CoM an angular velocity of the 
pulse is determined of 6.0 rasps, which corresponds to 1.48 x lo8 m i s .  Similarly, the group velocity of the 
pulses can be determined in the access waveguides. We find values for the group velocities of 1.28 x 10’ m i s  
and 1.33 x 10’ m / s  in the “add” and the ‘‘drop’’ waveguides, respectively. The time sequence also shows that the 
coupling of the access waveguides to the resonator is relatively large. It is found that this high coupling 
dominates the losses of the device. 
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4. CONCLUSIONS 
Phase-sensitive and time-resolved near-field optical microscopy in collection mode is ideal for the investigation 
of light propagation inside nanophotonic structures of the future as it allows a resolution beyond the diffraction 
limit and can relate local optical properties to the local geometry. Phase-sensitive measurements can he directly 
used to determine local phase velocities and hence propagation constants and effective indices. Pulse tracking 
measurements unravel the dynamic behavior of complex photonic devices and allow the unambiguous and 
model-independent determination of group velocities. 
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